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I .  INTRODUCTION 
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An  effort  was  Initiated  during  July  1979  to  procure  16  Q-Flex  acceler¬ 
ometers  built  to  the  LANCE  configuration  for  use  in  a  qualification  and  flight 
test  program.  The  accelerometers  delivered  under  this  procurement  have  im¬ 
proved  performance  over  their  predecessors  in  the  areas  of  bias  and  scale 
factor  stability  due  to  the  completion  of  two  Manufacturing  Methods  and 
Technology  (MM&T)  contracts  in  those  areas. 

II.  ACCELEROMETER  DESIGN  DESCRIPTION 

The  Q-Flex  accelerometer  is  a  pendulous  accelerometer  of  the  torque- 
rebalance  type.  In  such  accelerometers  the  torque  required  to  maintain  a 
pendulous  mass  (proof  mass)  in  a  position  that  Is  fixed  relative  to  the 
accelerated  structure  in  which  it  is  mounted  is  a  direct  measure  of  the  ac¬ 
celeration.  The  torque  itself  is  not  used  as  a  measure  of  acceleration,  but 
rather  some  quantity  directly  and  precisely  relatable  to  it,  such  as  a  voltage, 
current,  or  frequency;  the  particular  choice  of  output  depends  on  the  instru¬ 
ment  and  its  usage.  For  the  Q-Flex  accelerometer,  voltage  and  current  outputs 
are  typical  modes. 

The  basic  Q-Flex  accelerometer  is  made  from  two  major  subassemblies: 

(1)  the  Q-Flex  sensor  and  (2)  the  hybrid  servo  electronics.  The  sensor 
contains  the  acceleration  sensitive  element;  the  servo  supplies  the  current 
necessary  to  achieve  exact  force  rebalance.  The  description  given  below 
applies  to  the  general  forms  of  the  accelerometer  through  both  programs. 

The  present  sensor  design  has  evolved  from  over  a  decade  of  developmental 
refinements  in  materials  and  processes. 

The  sensor  is  a  linear,  single  axis,  electro-mechanical  device  for 
measuring  acceleration.  Operation  is  based  on  measuring  one  component  of  the 
force  required  to  constrain  a  proof  mass  such  that  it  will  move  with  the 
accelerated  base. 

The  mechanism  (see  Figure  1)  uses  quartz  flexures  for  suspension  of  its 
proof  mass  to  avoid  the  inelastic  hysteresis  cf  metal  flexures  and  the  turn-on 
hysteresis  and  vibration  rectification  errors  associated  with  jewel-pivot 
systems.  The  sensor  is  dry,  with  no  known  wearout  modes,  and  has  only  17 
parts,  including  its  housing  and  five  connector  pins.  It  consists  of  the 
following  key  elements: 

A.  A  proof  mass,  pendulously  supported  and  ideally  constrained  so  as  to 
allow  only  one  degree-of-freedom  about  a  well-defined  axis  fixed  within  the 
sensor . 


B.  A  pickoff  that  can  sense  extremely  small  displacements  of  the  proof 
mass  along  its  fixed  axis  with  respect  to  an  absolute  geometrical  null  posi¬ 
tion. 


C.  A  torquer  coil  positioned  within  a  permanent  magnetic  field  and 
attached  to  the  proof  mass,  allowing  an  exactly  linear  force  to  be  applied  to 
the  proof  mass  in  response  to  a  current  passed  through  the  coil.  The  current 
comes  from  a  restorer  circuit,  or  servo,  that  produces  a  proportional  electrical 
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Figure  1.  Exploded  view  of  Q-Flex  sensor. 

The  Q-Flex  sensor  forms  the  acceleration  sensitive  part  of  the 
accelerometer.  The  force  required  to  accelerate  the  proof  mass 
at  exactly  the  same  rate  as  the  surrounding  metal  parts  is  gen¬ 
erated  by  the  Interaction  of  current  through  coils  on  the  proof 
mass  with  the  magnetic  fields  created  by  the  permanent  magnets. 
The  value  of  the  current  is  used  as  a  measure  of  the  accelera¬ 
tion.  See  Figure  2  for  a  complete  functional  diagram. 


current  through  the  torquer  coil  in  response  to  the  pickoff  signal.  The 
resulting  electromagnetic  force  exactly  balances  the  inertial  reactive  forces. 
In  this  manner,  the  current  passing  through  the  torquer  becomes  an  exact 
measure  of  acceleration. 

The  proof  mass  and  flexures  in  a  Q-Flex  accelerometer  are  formed  from  a 
single  blank  of  specially  processed  fused  silica.  To  begin  forming  the 
flexure/proof  mass  assembly,  an  annular  slot  is  cut  in  the  blank  so  as  to  form 
a  central  disc  connected  to  a  continuous  outer  rim  by  two  thin  narrow  bridges 
(hinges).  The  central  disc  serves  as  part  of  the  proof  mass.  The  thin 
bridges  serve  as  flexures  and  the  outer  rim  is  the  supporting  structure  for  the 
flexures  and  the  attached  pendulum.  The  two  critical  flexure  sections  are 
formed  by  chemical  milling  in  order  to  produce  and  control  the  desired  phy¬ 
sical  characteristics.  A  portion  of  the  central  disc  is  made  conductive  by 
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vapor-depositing  metallic  films  to  provide  electrical  surfaces  required  for 
the  balanced  capacitive  pickoff.  Conducting  leads  for  the  pickoff  signals 
and  the  torquer  drive  current  are  carried  across  both  sides  of  the  two  flex¬ 
ures  by  similar  vacuum-deposited  metallic  films.  Finally,  torque  coils  are 
bonded  symmetrically  to  the  sides  of  the  central  disc  and  connected  elec¬ 
trically  to  complete  the  assembly  of  the  proof  mass,  flexures  and  flexure 
support.  This  subassembly  is  then  clamped  between  two  symmetrical  magnetic 
structures.  The  use  of  two  symmetric  structures  improves  linearity,  decreases 
vibration  rectification,  and  reduces  leakage  flux. 

The  balanced  capacitive  bridge  pickoff  is  formed  by  the  small  gap  between 
the  metalized  portions  of  the  fused  silica  structure. 

The  small,  precise  gap  between  the  magnet  housing  and  the  proof  mass 
assembly  also  provides  damping  through  gas  motion.  Thus,  a  high  level  of 
damping  is  achieved  without  the  use  of  liquids.  This  damping  is  augmented  with 
circuit  damping  achieved  by  conventional  servo  techniques.  Therefore,  the 
Q-Flex  provides  lower  signal  shift  than  oil  filled  sensors,  which  can  be 
Important  in  high  performance  strap-down  navigation  systems. 

The  present  servo  electronics  design  is  a  third  generation  design.  It 
utilizes  a  Sundstrand  developed  and  fabricated  hybrid  that  mounts  directly  on 
top  of  the  sensor  mechanism.  The  present  servo  closes  the  loop  within  the 
accelerometer  and  provides  a  convenient  current  output  allowing  flexibility  in 
application.  See  Figure  2  for  the  Sensor  Functional  Diagram. 

The  servo  electronics  Includes  an  excitation  oscillator,  a  precision 
differential  proximity  detector,  a  servo  amplifier  and  a  feedback  servo 
compensation  circuit. 

Figure  3  shows  the  QA2000  Electrical  Schematic. 

The  proprietary  oscillator/detector  circuit  supplies  a  DC  output  voltage 
proportional  to  the  linear  displacement  of  the  seismic  element.  The  design 
minimizes  the  effects  of  distortion,  component  tolerances,  stability  and 
temperature.  The  proximity  detector  gain  is  high,  minimizing  the  effects  of 
servo  amplifier  input  offset  voltage  and  current. 

The  detector  signal  is  amplified  and  impressed  across  the  torquer  in 
series  with  the  accelerometer  readout  resistor  (or  load  impedance) .  The  loop 
gain  and  bandshaping  are  controlled  by  feedback  around  the  servo  amplifier. 

The  frequency  response,  dynamic  range,  vibration  rectification,  carrier  noise 
and  loop  stability  are  controlled  by  this  feedback  network. 

III.  TEST  MATRIX 

Table  1  outlines  the  FAT  requirements;  Table  2  outlines  the  acceptance 
test  procedure  (ATF)  for  all  tests  requiring  ATP;  Table  3  outlines  the  storage 
and  transportation  test  requirements,  and  Table  4  outlines  the  reliability 
overstress  test  requirements. 
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Figure  2.  Accelerometer  functional  diagram. 

The  servo  supplies  current  of  the  correct  magnitude  and  direction 
through  the  coils  so  that  the  net  force  on  the  proof  mass  positions 
it  centered  between  the  two  halves  of  the  proximity  detector. 

This  current  is  linearly  related  to  the  acceleration;  a  load  resis¬ 
tor  in  series  with  the  coils  converts  the  current  into  a  voltage 
signal.  The  output  from  the  temperature  sensor  can  be  used  to 
correct  for  the  fact  that  the  output  depends  on  temperature  as  well 
as  acceleration. 


TORQUE  COILS 


TABLE  1.  FLIGHT  ASSURANCE  TEST  (FAT)  MATRIX 


VOUGHT  704-166-C  REQUIREMENT 


TEST  PARAMETER 


REQUIREMENT 

TEST 

METHOD 

1. 

Incoming  ATP 

See  ATP  Matrix 

2. 

Temperature,  Operating 

3. 7. 2.1 

4. 8. 2.1 

3. 

Scale  factor  &  bias 

3.6.2  &  3.6.3 

4.7.19 

4. 

Vibration,  operating 

Satisfactory  Perfor 

3. 7. 2. 3 

5. 

Scale  factor  &  bias 

3.6.2  &  3.6.3 

4.7.19 

6. 

Shock,  operating 

Satisfactory  Perfor 

3. 7. 2. 4 

7. 

Scale  factor  &  bias 

3.6.2  &  3.6.3 

4.7.19 

8. 

Frequency  response 

3.6.14 

4.7.27 

9. 

Thermal  gradient  sensitivity 

3.6.17 

4.7.30 

10. 

Spin  sensitivity 

3.6.10 

4.7.23 

11. 

Input  voltage 

3. 5. 2. 5 

4.7.7 

12. 

Input  current 

3. 5. 2. 6 

4.7.8 

13. 

Output  drift 

3. 5. 2. 9 

4.7.11 

14. 

Linear  acceleration  (non-linearity) 

3.6.13 

4.7.26.3 

15. 

Final  ATP 

See  ATP  Matrix 

NOTE:  FAT  may  proceed  in  any  sequence  desirable  except  it  must  begin  and 
end  with  ATP. 
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TABLE  2.  ACCEPTANCE  TEST  PROCEDURE  (ATP)  MATRIX 

VOUGHT  704-166-C  REQUIREMENT 


TEST  PARAMETER 

REQUIREMENT 

TEST 

METHOD 

1. 

Scale  factor  temperature  sensitivity 

3.6.6 

4.7,21 

2. 

Bias  temperature  sensitivity 

3.6.7 

4.7.21 

3. 

Vertical  alignment  temp,  sensitivity 

3.6.8 

4.7.22 

4. 

Horizontal  alignment  temp,  sensitivity 

3.6.9 

4.7.22 

5. 

Vibration  Rectification 

3.6.11 

4.7.24 

6. 

Scale  factor  stability 

3.6.12 

4.7.25 

7. 

1  G  linearity 

3.6.13 

4.7.26.: 

8. 

Spin  sensitivity 

3.6.10 

4.7.23 

9. 

Centering 

3. 5. 3. 3 

4.7.14 

10. 

Input  current 

3. 5. 2. 6 

4.7.8 

11. 

Insulation 

3. 5. 2. 2 

4.7.4 

12. 

Torque  coil  circuit  resistance 

3. 5. 2. 3 

4.7.5 

13. 

Input  voltage 

3. 5. 2. 5 

4.7.7 

14. 

Warmup  time 

3.5.2.11  (3  minutes 

max  from 

turn-on) 

15. 

Output  drift 

3. 5. 2. 9 

4.7.11 

16. 

Output  impedance 

3. 5. 2. 7 

4.7.9 

17. 

Output  noise 

3. 5. 2. 8 

4.7.10 

18. 

Scale  factor 

3.6.2 

4.7.19 

19. 

Bias 

3.6.3 

4.7.19 
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TABLE  3.  STORAGE  AND  TRANSPORTATION  TEST  (SATT)  MATRIX 


VOUGHT  704-166-C  REQUIREMENT 

TEST  PARAMETER 


REQUIREMENT 

TEST 

METHOD 

1. 

Incoming  ATP 

See  ATP  Matrix 

2. 

Temperature,  Operating 

3. 7. 1.1 

4. 8. 1.1 

3. 

Scale  factor  &  bias 

3.6.2  6,  3.6.3 

4.7.19 

4. 

Sine  vibration,  non-op 

3. 7. 1.4 

3. 7. 1.4 

5. 

Scale  factor  &  bias 

3.6.2  &  3.6.3 

4.7.19 

6. 

Shock,  non  operating 

3. 7. 1.5 

3. 7. 1.5 

7. 

Scale  factor  &  bias 

3.6.2  £>  3.6.3 

4.7.19 

8. 

Thermal  shock,  non-op 

3. 7. 1.6 

4. 8. 1.6 

9. 

Scale  factor  &  bias 

3.6.2  &  3.6.3 

4.7.19 

10. 

Final  ATP 

See  ATP  Matrix 

NOTE:  SATT  may  proceed  In  any  sequence  desirable  except  it  must  begin  and 
end  with  ATP. 
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TABLE  4.  RELIABILITY  OVERSTRESS  TEST  (ROT)  MATRIX 


TEST  PARAMETER 


1.  Bias  stability  thru  temp. 


2.  Random  vibration,  operating 

3.  Scale  factor  &  bias 

4.  Shock,  non-operating 

5.  Scale  factor  &  bias 

6.  Sinusoidal  vibration,  non-op 

7.  Scale  factor  &  bias 

8.  Final  ATP 


VOUGHT  704-166-C  REQUIREMENT 


REQUIREMENT 


TEST 

METHOD 


Each  unit  shall  re-  N/A 
ceive  25  cycles  of 
temperature  exposure 
to  -65°F  and  160°F 
for  2  hours  minimum 
stabilization  time. 

Each  nit  shall  be 
stabilized  at  ambient 
temperature  between 
extremes  to  permit 
bias  and  scale  factor 
measurements.  These 
measurements  shall 
occur  at  least  once 
every  three  cycles. 

At  the  end  of  25  cycles, 
each  unit  shall  be  subjected 
to  an  additional  25  cycles 
between"  ~65°F  and  200° F. 


Test  amplitude  4. 8. 2. 2 

shall  be  12. 5g  RMS 
for  10  seconds  each 
of  3  axes,  then  re¬ 
peated  at  20g  RMS. 


3.6.2  &  3.6.3  4.7.19 

3. 7. 1.5  4. 8. 1.5 

3.6.2  &  3.6.3  4.7.19 

3. 7. 1.4  4. 8. 1.4 

3.6.2  &  3.6.3  4.7.19 

See  ATP  Matrix 


NOTE:  ROT  must  progress  in  the  sequence  defined  above. 
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IV.  TEST  RESULTS 


The  LANCE  Q-Flex  accelerometer  qualification  program  test  results  are 
summarized  in  Tables  5  through  9.  The  test  methods  for  all  the  tests^isted 
in  Tables  1  through  4  are  contained  in  Vought  Accelerometer  Procureme^P 
Specification  704-1066C  dated  8  June  1978.  The  test  method  paragraphs  are 
listed  for  each  of  the  tests  contained  in  Tables  1  through  4.  The  performance 
requirements  are  listed  with  the  test  results  in  Tables  5  through  9. 

The  acceptance  tests  conducted  at  the  manufacturers  facility  prior  to 
shipment  are  summarized  in  the  Appendix. 

V.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  acceptance  test  results  obtained  on  accelerometers  (SN  158,  159  and 
160)  which  were  subjected  to  flight  assurance  tests  are  contained  in  Table  5. 

All  acceptance  test  parameters  were  well  within  specification  with  the  exception 
of  bias  on  S/N  158.  Serial  Number  158  fell  only  slightly  outside  the  specifi¬ 
cation  requirements.  It  can  be  noted  by  reviewing  the  Sundstrand  Acceptance 
Test  Summary  Sheet  in  the  Appendix  that  S/N  158  was  very  close  to  the  maximum 
specification  when  it  was  tested  by  the  manufacturer. 

Flight  assurance  test  results  (Table  6)  were  all  well  within  the 
specification  requirement  with  the  exception  of  bias  on  S/N  158  as  noted 
earlier.  The  nonlinearity  test  results  obtained  during  the  qualification  pro¬ 
gram  showed  very  good  correlation  with  the  results  obtained  by  the  manufacturer 
(compare  results  shown  in  Table  6  with  the  Appendix) . 

Storage  and  Transportation  tests  were  conducted  on  Serial  Numbers  151, 

155  and  162.  The  acceptance  test  results  obtained  on  the  storage  and 
transportation  units  are  shown  in  Table  7.  All  results  were  well  within 
specification  with  the  exception  of  centering  on  S/N  162.  Sundstrand's 
acceptance  test  summary  sheet  (Appendix)  indicates  S/N  162  was  well  within 
specification  with  respect  to  effective  center  of  mass  (ECM)  or  centering. 

The  storage  and  transportation  test  results  shown  in  Table  8  are  all  well 
within  specification  requirements. 

The  three  flight  assurance  test  accelerometers  and  the  three  storage 
and  transportation  accelerometers  were  grouped  together  and  subjected  to 
reliability  overstress  tests.  The  results  of  these  tests  are  presented  in 
Table  9.  Bias  stability  testing  over  temperature  was  not  conducted  due  to 
the  extensive  amount  of  previous  testing  that  has  been  completed  on  the  Q-Flex 
sensor  during  two  manufacturing  methods  and  technology  (MM&T)  programs.  All 
reliability  overstress  test  results  were  well  within  specification  requirements 
wlch  the  exception  of  S/N  158,  which  continued  to  have  a  slightly  high  bias. 

It  should,  however,  be  noted  that  the  final  value  of  the  bias  on  S/N  158 
was  only  35  micro-g's  higher  than  the  bias  measured  at  the  factory. 

The  test  results  contained  in  this  report  are  presented  in  summary 
form  so  that  the  reader  will  not  have  to  sift  through  many  pages  of  raw  test 
data.  The  raw  test  data  will,  however,  be  maintained  in  the  author's  file  and 
will  be  available  for  review  by  personnel  who  have  an  interest  and  a  need  to 
know. 
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With  the  successful  completion  of  the  flight  assurance,  the  storage  and 
transportation  and  the  reliability  over stress  testing;  It  Is  concluded  that  the 
LANCE  configuration  Q-Flex  accelerometer  Is  now  qualified  for  use  as  the  con¬ 
trol  accelerometer  on  the  LANCE  missile. 
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TABLE  5.  ACCEPTANCE  TEST  RESULTS 


Out  of  spec  teat  results  ere  shewn  enclosed  by  a  rectangular  box. 


TABLE  8.  STORAGE  AND  TRANSPORTATION  TEST  RESULTS 


TABLE  9.  RELIABILITY  OVERSTRESS  TEST  RESULTS 


SUNDSTRAND  ACCEPTANCE  TEST  SUMMARY  SHEET 
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